Local control of neuronal activity is central to many therapeutic strategies aiming to treat neurological disorders. Arguably, the best solution would make use of endogenous highly localized and specialized regulatory mechanisms of neuronal activity, and an ideal therapeutic technology should sense activity and deliver endogenous molecules at the same site for the most efficient feedback regulation. Here, we address this challenge with an organic electronic multifunctional device that is capable of chemical stimulation and electrical sensing at the same site, at the single-cell scale. Conducting polymer electrodes recorded epileptiform discharges induced in mouse hippocampal preparation. The inhibitory neurotransmitter, γ-aminobutyric acid (GABA), was then actively delivered through the recording electrodes via organic electronic ion pump technology. GABA delivery stopped epileptiform activity, recorded simultaneously and colocally. This multifunctional "neural pixel" creates a range of opportunities, including implantable therapeutic devices with automated feedback, where locally recorded signals regulate local release of specific therapeutic agents. organic electronics | controlled delivery | electrophysiology | epilepsy | therapy
Local control of neuronal activity is central to many therapeutic strategies aiming to treat neurological disorders. Arguably, the best solution would make use of endogenous highly localized and specialized regulatory mechanisms of neuronal activity, and an ideal therapeutic technology should sense activity and deliver endogenous molecules at the same site for the most efficient feedback regulation. Here, we address this challenge with an organic electronic multifunctional device that is capable of chemical stimulation and electrical sensing at the same site, at the single-cell scale. Conducting polymer electrodes recorded epileptiform discharges induced in mouse hippocampal preparation. The inhibitory neurotransmitter, γ-aminobutyric acid (GABA), was then actively delivered through the recording electrodes via organic electronic ion pump technology. GABA delivery stopped epileptiform activity, recorded simultaneously and colocally. This multifunctional "neural pixel" creates a range of opportunities, including implantable therapeutic devices with automated feedback, where locally recorded signals regulate local release of specific therapeutic agents. organic electronics | controlled delivery | electrophysiology | epilepsy | therapy R ecent estimates suggest neurological disorders affect up to 6% of the global population (1) . The vast majority of treatments generally involve oral administration of pharmaceuticals. When these fail, alternate therapies can include neurosurgery (e.g., in epilepsy) and electrical stimulation via implanted electrodes [e.g., in Parkinson's disease (1) ]. Pharmaceutical and basic research have identified promising targets and designed potentially efficient drugs for multiple disorders, but such drugs haven't reached patients because of failure during (pre)clinical tests. There are multiple reasons for such failures. Drugs may be toxic in the periphery (2, 3), they may not cross the blood−brain barrier or they may be pumped back to the blood stream by multidrug transporters (4, 5) . However, the critical factor is the fact that they may have deleterious side effects when they penetrate "healthy" regions, affecting physiological functions such as memory and learning (6, 7) . In addition, because oral administration will lead to a dilution of the drug in the body, there is often a mismatch between the dose necessary to obtain a therapeutic effect in the region to treat and the maximum dose that nonaffected body regions can support without side effects.
Providing the drug past the blood−brain barrier, where and when it is needed, constitutes the ideal solution. Such delivery would solve all of the above-mentioned problems (blood−brain barrier crossing, peripheral toxicity, undesirable side effects in healthy regions, and effective dose). Devices have been successfully designed to deliver drugs locally (8) . However, the "where" and "when" issues remain to be addressed. Because clinicians may have several spatially distributed regions to treat, or if the volume of the intended treatment region is large, it is important to have multiple drug delivery sites, which would solve the "where" issue. The "when" issue is more difficult to address, as, ideally, a delivery system should act on demand, when needed (e.g., just before an impending seizure). Because electrophysiological signals can be used to predict incoming pathological events (9) , electrical activity should be measured at each delivery site to trigger drug delivery at that specific location. Such local, real-time measurement, and precision delivery, would pave the way for closed-loop, fully automatic, therapeutic devices. Finally, because the size of the region to treat may be small-down to the scale of a single cell-the technology should allow spatial resolution of delivery on the order of micrometers.
Interfacing malfunctioning neurological pathways with spatial resolution and signal specificity approaching those of the cell could provide significant advantages to future therapies. Microelectrode recordings of the field potentials generated by neurons (or even neuronal firing itself) have become routine in investigations of brain function and dysfunction (10) . Small size of recording sites allows for recording of single neurons, and densely packed sites on minimally invasive electrodes enhance the sampling capacity of the probe (11) . Such densely packed probes can be accomplished using conducting polymers, such as poly (3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS), without decreasing the quality of the recordings. Conducting polymer electrodes exhibit inherently low impedance characteristics (more than
Significance
Electronically and ionically conducting polymers provide a unique means to translate electronic addressing signals into chemically specific and spatiotemporally resolved delivery, without fluid flow. These materials have also been shown to provide high-fidelity electrophysiological recordings. Here, we demonstrate the combination of these qualities of organic electronics in multiple 20 × 20 μm delivery/sensing electrodes. The system is used to measure epileptic activity in a brain slice model, and to deliver inhibitory neurotransmitters to the same sites as the recordings. These results show that a single-cell-scale electrode has the ability to both record and chemically stimulate, demonstrating the local effects of therapeutic treatment, and opening a range of opportunities in basic neuroscience as well as medical technology development.
one order of magnitude lower than bare Au, Pt, and Ir electrodes of similar dimensions at 1 kHz), with the low impedance being attributed partly to the high porosity, giving an increased electrochemical surface area (12) (13) (14) . Additionally, with their mixed electronic and ionic conductivity and the soft mechanical properties that match those of the neural tissue, conducting polymers are ideally suited to obtain high signal-to-noise ratio recordings at the neural interface (15, 16) . Recently, we have demonstrated microelectrode arrays based on PEDOT:PSS electrodes for in vitro recordings of electrophysiological signals from rat brain slices (17) . These microelectrodes, fabricated at small size and high density, have enabled a good match with the dimensions of neural networks while maintaining high-resolution neural recordings.
We have also demonstrated substance delivery mimicking exocytotic release of neurotransmitters at the neuronal scale by means of the organic electronic ion pump (OEIP) (18, 19) . The OEIP uses conducting polymer electrodes to electrophoretically "pump" neurotransmitters through a permselective membrane, enabling high spatiotemporal delivery resolution, without necessitating liquid flow. OEIPs have been used in vitro to trigger cell signaling (18, 20) and to control epileptiform activity in vitro (21) , as well as in vivo to effect sensory function (19) and as a therapy for pain in awake animals (22) . OEIPs have also been demonstrated in a biosensor-regulated system-on a macroscopic scale-to mimic the chemical-to-electrical-to-chemical signal transduction of neurons (23) . However, none of these devices meet the desired requirement to record and deliver drugs at the same site.
In this work, we engineered a device able to perform electrical sensing of local field potentials and neurotransmitter delivery at the same site. To achieve this colocalized sensing and delivery, we developed a system consisting of an array of OEIP delivery points, where each delivery point is integrated with a conducting polymer electrode for recording neuronal activity. Each integrated delivery/ sensing pixel is at the single-cell scale and mimics the multifunctionality of a biological neuron: Electrical information can be sensed from the local cellular environment, and neuroactive compounds can be delivered diffusively, without liquid flow, at the same location. We report on the development and characterization of this system of "neural pixels," and we demonstrate its use by delivering the endogenous inhibitory neurotransmitter γ-aminobutyric acid (GABA) to locally affect cells while simultaneously monitoring how the delivery modulates the cells' firing patterns.
Results
Design and Working Principle. We designed our bioelectronic neural pixel as depicted in Fig. 1 . The charged compound to be delivered is transported from an aqueous reservoir through a cation-conducting channel and through part of the PEDOT:PSS recording electrode before being released to the biological system. In this way, the cells close to the OEIP outlets are affected by the delivery, and the electrodes can record the subsequent modifications in cellular response. The OEIP transports cations by migration; when a potential is applied between an electrode in the reservoir and an electrode in the medium containing the biological system under study, an electric field is established across the cationconducting channel, and a current arises from cation migration from the reservoir to the biological system. In this way, delivery is only achieved when nonzero voltage is applied (see On−Off Switching and Leakage in OEIPs for more details). The cationconducting channel has a high concentration of fixed negative charges and is therefore permeable to cations but not to anions (Donnan exclusion) (24) , and is therefore a form of cation exchange membrane (CEM). Ideally, all of the current passed through a CEM, and thus through the device, is due to cation transport, and no anions are transported in the opposite direction; this means that the delivery rate is directly proportional to the current, with 1 μA corresponding to a delivery rate of 10 nmol/s. Sustained delivery (constant current) requires nonpolarizable high-capacity electrodes that can transfer charge between the electrode and the electrolyte. We used PEDOT:PSS electrodes for this purpose, on top of which were placed the source (reservoir) and target electrolytes ( Fig. 2A ). Note that no potential was applied to the recording electrodes at the delivery outlets to control the delivery of ions.
Fabrication and Characterization. The materials and processing of an OEIP and a conducting polymer microelectrode array (MEA) are of similar nature, making it possible to manufacture the two components of the merged device simultaneously on a single glass substrate. To fabricate the bioelectronic neural pixel device, we developed a manufacturing protocol based on standard microfabrication techniques. Device fabrication is depicted Fig.  2B . First, gold electrodes were patterned on a glass substrate using photolithography and lift-off. Then the main element of the OEIP, the CEM, made from the polyanion poly(styrene sulfonate-comaleic acid) (PSSA-co-MA) cross-linked with poly (ethylene glycol) (PEG), was deposited. The CEM was photolithographically patterned and dry-etched into a wide channel leading to 32 thinner [and thus higher ionic resistance (22) ] parallel channels ending in 20-μm-wide delivery outlets ( Fig. S1 ). Alternatively, the PSS-co-MA/PEG was patterned by peel-off using parylene (Methods). A 2-μm-thick parylene layer, providing the insulating coating of the OEIP and the MEA contacts, was deposited. A thin layer of dilute commercial cleaner was applied as an antiadhesive coating, and a second 2-μm-thick parylene layer was deposited. Openings to define the OEIP electrolytes, the microelectrodes, and the contact pads were obtained by further photolithography and plasma etching through the parylene. PEDOT:PSS was then deposited by spin coating, and the second parylene layer was peeled off to define the OEIP electrolytes and the microelectrodes. The 32 resulting neural pixels thus comprised 20 × 20 μm PEDOT:PSS recording electrodes at the delivery end of each PSSA-co-MA-based OEIP channel. In this way, substance delivery was achieved through the PEDOT: PSS recording electrode, such that the delivery outlet and the recording electrode were indeed at the same site ( Fig. 1 ). Finally, a polydimethylsiloxane (PDMS) gasket was cut with openings over the source electrodes, defining the source solution well, and over the 32 neural pixels and target electrode, defining the target solution well (Fig. S2) .
To characterize the multifunctional device, we first measured the impedance of the recording electrodes separately, and then while running a delivery current through the OEIP to investigate whether running the delivery current through the recording electrodes affected the electrical properties of the recording electrodes. The Bode plot of the mean impedance magnitude of seven randomly picked PEDOT:PSS electrodes of the array is presented in Fig. 3A . The SD of the impedance magnitude is low, indicating that the fabrication process yielded homogeneous electrode properties within the array. Between 10 kHz and 10 Hz, the impedance increased from 16 kΩ to 250 kΩ, and, at 1 kHz, the impedance was ca. 19 kΩ, which is similar to our previously reported results (17) .
To further investigate the influence of OEIP operation on the signal-to-noise ratio, we compared electrode recordings in the absence and presence of a delivery current ( Fig. 3B) . A 100-mM GABA(aq) solution and artificial cerebrospinal fluid (ACSF) were placed on the source and the target side, respectively. The amplitude of the baseline signal measured when the OEIP was off was ca. 10 μV (Fig. 3B ). After 60 s, a positive potential was applied to the OEIP source electrode with respect to the target, and a current of 1 μA was run through the device, yielding GABA delivery at the 32 outlets. The electrical signal intensity recorded remained stable. The OEIP was switched off after 60 s without apparent change in signal amplitude. A too-high delivery rate could affect the recording electrodes by perturbing the local ion concentration, making cell recordings difficult or impossible. However, as seen in this experiment, constant currents of 1 μA or lower are compatible with electrophysiological recordings.
In Vitro Validation with Complete Hippocampus Preparations: Inhibiting Epileptiform Activity. After confirming that cation delivery did not interfere with electrode recordings, we evaluated sensing and stimulation performance of the pixels in a biological system. As the first application of the integrated device could be for epilepsy diagnosis and treatment, we used complete extracted hippocampus preparations from mouse (P7-P12) and triggered epileptiform activity by pharmacological manipulation, namely the addition of 4-aminopyridine (4-AP) to the perfusion; 4-AP is a selective blocker of channels belonging to the Kv1 family of voltage-gated K + channels. Blocking K + channels with 4-AP in the perfusion produces epileptiform activity by increasing the time required for a neuron to repolarize (fewer K + channels are available). Thus, neurons remain above the threshold to fire for a longer period, and excitatory neurons consequently continue to deliver glutamate to downstream neighbors.
To test the efficacy of the device, we chose to deliver GABA. As an endogenous neurotransmitter, GABA activates GABA A receptors, leading to Cl − influx into the cell, which, in turn, hyperpolarizes the cell membrane (Fig. 4A ). In addition, the opening of these channels decreases the membrane resistance, creating a shunt effect, and limiting the effectiveness of excitatory inputs. The net effect of GABA is therefore a decrease in the firing probability of the cell (25) .
With the complete extracted hippocampus preparation mounted (and equilibrated) on the target area of the neural pixel system, we induced epileptiform activity with the addition of 4-AP in the perfusion medium. PEDOT:PSS electrodes recorded the subsequent broadband electrophysiological activity (Fig. 4B) . The recordings, which were simultaneously obtained via multiple channels, had signal quality comparable to a conventional tungsten recording Fig. S1 shows the design in more detail. (B) Cross-section schematics showing the photolithographic fabrication process. Gold lines were patterned with photolithography (step 1), followed by coating of parylene-C with a thin layer of anti-adhesive (step 2). Photoresist was then cast and exposed, followed by reactive ion etching to define the areas to be filled with CEM (step 3). The CEM [PSSA-co-MA cross-linked with poly(ethylene glycol)] was patterned into a wide channel that split into 32 separate outlets, each 20 μm wide and spaced by 200 μm (Fig. S1 ), by peeling off the sacrificial top layer of parylene C (steps 4 and 5). Two layers of parylene C were then deposited, separated by a thin layer of antiadhesive (step 6). A thick layer of photoresist was then cast, exposed, and etched to define the areas eventually to be filled with PEDOT:PSS (step 7). A thick layer of PEDOT:PSS (ca. 400 nm) was spin-cast (step 8), and the source/target electrodes and the sensing electrodes at the pump outlets were patterned by peeling off the sacrificial top layer of parylene C (step 9). The colocalization of an OEIP outlet with the PEDOT:PSS electrode form a neural pixel (step 10).
electrode, which was located adjacent to the MEA (Fig. S3 ). Moreover, due to multiple recording sites, it is possible to access different forms of activity across the tissue. After ca. 1 min of GABA delivery, epileptiform discharges were abolished. Assuming that the delivery is equally distributed between the 32 outlets of the device, 1 μA of supply current yields a delivery rate of 0.3 pmol·s −1 per outlet; this corresponds to a local concentration change of 25 μM at a distance of 400 μm from a single pump outlet (18, 21) after 60 s, and is within the known range for GABA to suppress hyperactivity (26) [injection of 250 μM of GABA in the ACSF-filled bath directly on top of the tissue stopped the hyperactivity almost instantaneously (Fig. S4) ]. Previous experiments demonstrated local delivery with OEIPs (ref. 22 and Fig. S5 ), and local control of hippocampal networks with a similar device geometry (21) . Taken together, these results demonstrate that the neural pixel system can effectively control the activity of a given network via OEIP delivery, while simultaneously allowing monitoring via the integrated electrodes of both hyperactivity and real-time biological response to OEIP operation. Because GABA is an acid and is transported by the OEIP in its fully protonated form (charge +1), each GABA molecule will release a proton once delivered to the biological system. Therefore, to verify that the observed abolishment of of epileptiform discharges was solely due to GABA delivery, and not to proton delivery, or to the applied potentials and ionic currents, a control experiment delivering protons was performed. The reservoir was filled with aqueous HCl solution, and the target region contained the hippocampus exhibiting hyperactivity. The same current was sourced to the OEIP as for the GABA delivery experiments; however, we did not observe any significant change in the electrode recordings upon delivery of H + (Fig. 4C ). This result shows that neither proton delivery nor ionic currents (which could cause electrical stimulation) blocked the pathological activity, but that the release of GABA was necessary to stop epileptiform activity.
Discussion
In the present work, we have demonstrated electrophysiological sensing and chemical stimulation from a single multifunctional "neural pixel." This is a necessary advancement to achieve highly localized feedback-regulated therapies with future devices. We have previously shown that we could deliver GABA with an OEIP to stop epileptiform activity in a tissue slice (21) . In those experiments, the recording electrode was a tungsten electrode positioned in the tissue slice in the vicinity of an OEIP outlet. In this work, we suppress the need to align this external recording electrode with the outlets of the OEIP. Instead, delivery occurs through the sensing electrodes, ensuring colocalization of recording and stimulation, and eliminating cumbersome experimental setup. The integrated sensing and delivery device stopped externally induced epileptiform activity of a hippocampus by delivering the inhibitory neurotransmitter GABA at the exact sites where epileptic activity was recorded. The low impedance of the conducting polymer electrodes allowed for high signal-to-noise ratio recordings of physiological activity at the site of GABA delivery. To efficiently treat an epileptic event, the delivery of GABA should occur as soon as any signs of seizure appear. Many studies have shown local release of compounds using microfluidics, for example, refs. 27-29, to name a few. Microfluidics have the ability to deliver any soluble compound, but such delivery in a carrier fluid induces convection, which risks disrupting fragile biochemical microenvironments. Microfluidic systems also typically require complex setups of valves and pumps. Other groups have demonstrated electrically controlled convection-free delivery systems, for example, refs. 16 and 30, that rely on redox switching of conducting polymers to release embedded compounds. However, these systems are typically limited in the amount of deliverable compound, a release rate that decreases over time, and a poor on−off ratio. The OEIP-based delivery built into the neural pixel system is electrically controlled, induces no convection, includes a reservoir to increase the deliverable amount, and exhibits a low diffusive off-leakage because of the relatively large distance between the reservoir and the delivery points (On−Off Switching and Leakage in OEIPs).
Although the electrical signals that turn on the OEIP can be initiated nearly instantaneously, the time required to stop the epileptiform activity after starting GABA delivery was about 60 s. For some applications, this speed may need to be significantly faster. OEIP dynamics are largely governed by the distance that ions must traverse from the source electrolyte to the delivery points. In the present geometry, this length is on the scale of several millimeters. We are thus developing devices with significantly faster turn-on by arranging delivery vertically through a thin CEM film, thereby reducing the effective ion path length to hundreds of nanometers. Likewise, the pixel dimensions in the device described above were 20 × 20 μm, with the 32-electrode array spanning several hundred microns; this is already on the approximate scale of single neurons and local neuronal circuits, respectively. Although miniaturization is feasible (but difficult), increasing these dimensions to fit different therapeutic targets is also possible.
Another limitation with the present neural pixel system is that it delivers ions simultaneously at the 32 outlets, where each outlet is colocalized with a sensing electrode. An addressable pixel array, where each sensing/delivery site could be individually controlled, would thus be a significant improvement. Such a system would make it possible to record from an array of electrodes, and then to selectively turn on the delivery at the sites where, for example, epileptiform activity is recorded. A future device, with individually addressable release sites and colocalized recording electrodes, could also be used as an in vitro tool to precisely quantify the kinetics of specific neurochemical signaling. Furthermore, such individually addressed neural pixels could enable multiple connections to a single neuron, similar to the way biological neurons connect with each other. In this way, the dynamics of multiple neural connections could be studied with unprecedented detail.
The lifetime of our device depends on the electrochemical capacity of the electrodes and the delivery rate required for the application. For an in vitro study like the one above, lasting only hours, electrode capacity is not an issue, especially because consumed electrodes can easily be replaced by fresh, freestanding electrodes dipped into the electrolytes. For an implantable in vivo device, however, electrode capacity is crucial. Larger or more three-dimensionally structured electrodes and delivery in short pulses would increase the lifetime. Another solution would be to incorporate an ion diode-based current rectifier, so that the electrodes could be electrochemically "recycled," increasing the lifetime substantially (31) . Likewise, for in vivo applications, the device could be built on flexible substrates, e.g., parylene C, and wrapped onto a tissue, but additional fabrication issues such as long-term mechanical and lamination stability must also be considered; this is something we have not yet explored, however. For applications deeper inside the tissue or organ of interest, neural pixel systems could be constructed into implantable probes, a technique already demonstrated for basic OEIPs (19, 22) .
The ability to sense electrophysiological signals and deliver neuroactive compounds at the same location represents a first step in constructing a closed-loop feedback system, capable of monitoring neuronal activity and adjusting local release of neurotransmitters accordingly. Indeed, the system presented above only requires minor modification to the control software to explore this functionality. Such a closed-loop system could be used, for example, in epilepsy treatment, to predict or detect an epileptic seizure at an early stage and intervene by delivering inhibitory neurotransmitters. The feedback system would make it possible to stop seizures with a minimal amount of drugs, because the drug release could be stopped as soon as the inhibitory effect is observed.
Methods
Device Fabrication. The 3 × 1 inch glass slides were cleaned by sonication in soap/water mixture and acetone/IPA mixture. For patterning gold, a photoresist, S1813 (Shipley), was spin-cast on the glass slide, exposed to UV light using an SUSS MJB4 photolithography UV-mask aligner, and developed using MF-26 developer. Titanium and gold (100 nm) were evaporated (Alliance Concept EVA450) and patterned using lift-off in acetone. On top of a layer cast from soap/water solution, 1.5 μm of parylene C was deposited using a Specialty Coating Systems Labcoater 2; 4 μm of photoresist AZ9260 was then patterned and etched (300 W, 50 cm 3 /min of O 2 , 5 min) using an Oxford 80 plus plasma etcher. A solution of 3-glycidoxypropyltrimethoxysilane (GOPS, 5 wt%) in a water:ethanol mixture (1:19) was spin-coated to improve the adhesion of the PSSA-co-MA on glass. After 15 min, the substrates were rinsed in ethanol to remove excess GOPS. Then the substrates were baked at 110°C for 20 min. PSSA-co-MA (5 wt% in a water:1-propanol mixture, 1:1) was mixed with polyethylene glycol (3 wt%, molecular weight 400 g·mol −1 ) for cross-linking, and then deposited by spin casting at 2,000 rpm to obtain a thickness of 300 nm. The film was baked at 110°C for 1 h. The sacrificial parylene C layer was peeled off to complete the patterning of PSSA-co-MA. Another layer of parylene C was deposited, reaching a final thickness of 2 μm, with the use of an adhesion promoting silane. A soap solution (1 wt% in water) was spun and followed by a subsequent parylene C deposition (2 μm). Finally, the source/target PEDOT:PSS was patterned with the insulating parylene C using photolithography and a sacrificial peel-off step. A thick layer of AZ9260 (MicroChemicals) photoresist was cast, baked, and exposed using a SUSS MJB4 contact aligner, followed by reactive ion etching in an O 2 plasma (160 W, 50 cm 3 /min of O 2 , 15 min) using an Oxford 80 plus plasma etcher. For the preparation of the PEDOT:PSS films, 19 mL of aqueous dispersion (PH 1000 from H.C. Starck) was mixed with 1 mL of ethylene glycol, 50 μL of dodecyl benzene sulfonic acid, and 1 wt% of GOPS, and the resulting dispersion was spin-coated at 650 rpm, soft-baked at 100°C for 60 s, and spuncast at 650 rpm to attain thicker PEDOT:PSS films. The film is patterned by peeloff of the top parylene C film and subsequently baked at 140°C for 1 h and immersed in deionized water to remove any excess low molecular weight compounds. The reservoir chambers, cut from cured polydimethylsiloxane, were affixed to the source (reservoir) and target (bath) areas.
Device Characterization. Impedance spectra of the electrodes were measured using an Autolab potentiostat equipped with a frequency response analyzer (FRA) module. Commercially available Ag/AgCl and Pt electrodes were used as the counter and reference electrodes. The applied voltage was 0.01 V, and the electrolyte solution was aqueous 0.1 M NaCl(aq). The contacts of the OEIP were connected to a Keithley 2400 source/measure unit, and constant current (1 μA or lower) was sourced and voltage was measured using customized LabVIEW software. Electrode recordings were obtained using a commercially available voltage recording setup, RHD2000 Evaluation System. As the reference electrode, a grounded Ag/AgCl electrode was immersed into the target electrolyte. The recordings were acquired at a 20-kHz sampling rate and analyzed using MATLAB (Mathworks)-based software with a low-pass filter of 1 kHz and were down-sampled by 500.
Electrical Recording Data Acquisition. Electrode recordings were obtained using a commercially available voltage recording setup, RHD2000 Evaluation System (Intan Technologies) ( Fig. S2) . A 3D printed sample holder was fabricated, containing gold-coated pins in contact with the 32 gold electrode pads of the device. As the reference electrode, a grounded Ag/AgCl electrode was immersed into the target reservoir containing the brain slice.
Recordings were acquired at a 20-kHz sampling rate and analyzed using MATLAB (Mathworks)-based software with a low-pass filter of 1 kHz and were down-sampled by 500.
Hippocampus Preparation. All protocols have been approved by the Institutional Animal Care and Use Committee of INSERM. All experiments were repeated twice on different biological samples. After decapitation of anesthetized mice, brains were rapidly extracted (postnatal day 14 through 18). In a chilled and perfused bath, the brain was cut into the left and right hemisphere, and the complete hippocampus, including the septum, was extracted from each hemisphere. This preparation maintains the whole 3D hippocampal architecture, preserving cellular and axonal integrity (32, 33) . Freshly extracted preparations were placed in a chamber and perfused with oxygenated (95% O 2 /5% CO 2 ) ACSF (126 mM NaCl, 3.5 mM KCl, 2 mM CaCl 2 , 1.3 mM MgCl 2 , 1.2 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , and 10 mM glucose). They were maintained in the chamber at room temperature and allowed to recover for 1 h before experimental use. After this period of recovery, preparations were transferred with a pipette to the surface of the integrated sensing/delivery device. The chamber containing the hippocampus was continuously perfused with oxygenated ACSF warmed at 33°C. Tungsten electrodes (with a tip resistance of 1 MΩ to 3 MΩ) were positioned on top of the OEIP outlets/electrode openings. External electrode recordings were made with a World Precision Instruments DAM80 AC amplifier, and were acquired using an analog-to-digital converter (Digidata 1322B; Molecular Devices). Analysis was performed using using Clampfit (Molecular Devices)-or MATLAB (Mathworks)-based software.
